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The role of Notch Signaling Pathway in Breast Cancer Pathogenesis 

Introduction 

Notch proteins belong to a family of four receptors, Notch 1-4, which are activated upon 
binding to ligands of the Jagged/Delta family. Ligand binding induces a series of 
cleavage in the Notch protein, thereby causing the release of its cytoplasmic region in to 
the nuclei, where it functions as a transcriptional activator. Truncated and constitutively 
active forms of all four Notch proteins have been shown to have oncogenic functions in 
several murine cell-types. In an MMTV insertional mutagenesis model, integration of the 
integration of MMTV at the int3 locus caused mammary tumorigenesis through the 
activation of the int3/Notch4 gene. Importantly, aberrant expression of Notch pathway 
components has been detected in human breast cancers (1,2). Taken together, these 
observations implicate a role for Notch signaling in human breast cancers; however, a 
clear functional involvement is yet to be demonstrated. 

I propose to study the role of Notch signaling using the genetically defined immortalized 
and transformed human breast cell system developed in our lab (3). In this model normal 
human mammary epithelial cells (HMECs) were immortalized and transformed by 
introducing a defined set of genetic elements. Thus, introduction of the simian virus 40 
early region (SV40-ER) and the catalytic subunit of human telomerase enzyme rendered 
the HMECs immortalized (these immortalized HMECs are referred to as HMLE cells). 
Subsequent expression of supra-physiologic levels of oncogenic Ras rendered the HMLE 
cells fully transformed. Thus, this model provides a unique, genetically well 
characterized system in which one can study interaction of signaling pathways involved 
in breast cancer pathogenesis, without the interference of unknown genetic alterations 
sustained by breast cancer-derived cell lines normally used for such studies. 

However, in the model system described above, low or physiologically relevant levels of 
oncogenic Ras failed to transform HMLE cells. Similarly, overexpression of ErbB2, a 
receptor tyrosine kinase upstream of Ras normally found overexpressed in many breast 
cancers, also failed to transform HMLE cells. These observations suggest that in order for 
physiologically relevant levels of Ras signaling to transform immortalized breast cells, 
cooperation of additional signaling pathways is essential. I hypothesize that the Notch 
proteins are a likely candidate for such cooperation. 

Results: 
A) Characterization of Notch-Ras pathway cooperation in immortalized breast 
epithelial cell transformation 

/) Expression ofNotchlIC mediates transformation ofHMLER cells 
Over expression of constitutively active, intracellular domain of Notchl (hereafter termed 
NotchlIC) in immortalized HMLE breast cells resulted in cell death. Therefore, the 
transformation related phenotype of cells expressing Notch 1IC alone could not be studied. 
However, introduction of NotchlIC into HMLE cells expressing low levels of Ras 
(hereafter termed HMLERs) allowed for selection of cells expressing NotchlIc. Figure 
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1A shows a Western blot analysis revealing high levels of expression of Notch 1IC in 
HMLER cells. In order to characterize the transformation related properties of NotchlIC- 
expressing HMLER cells I undertook soft agar colony formation analysis. While 
HMLER cells failed to generate colonies in soft agar, NotchlIC-expressing HMLER cells 
generated efficient colonies (Fig IB). This suggested that signals emanated by the 
activation of Notch and Ras can indeed cooperate to mediate transformation of 
immortalized breast epithelial cells. 

To further determine whether this Notch-Ras cooperation suffices to give rise to tumors 
in vivo, I injected 2xl06 NotchlIC-expressing HMLER cells and parental HMLER cells, 
admixed with Matrigel, into the subcutaneous space of immuno-compromised nude mice. 
As shown in Fig 1C, the NotchlIC-expressing cells generated tumors while the parental 
HMLER cells failed to. Taken together, these observations indicated that Notch mediates 
transformation of breast cells by cooperating with Ras signaling 

2) The RaflMAPK pathway downstream of Ras cooperates with NotchlIC in 
transforming HMLE cells 

Upon activation Ras signals through multiple downstream effector pathways. The three 
major pathways downstream of Ras that have been shown to play an important role in 
transformation involve the PI3K, Raf/MAPK, and Ral-GEFs. In order to determine which 
of these Ras pathways is actually involved in cooperating with Notch 1IC to transform 
HMLER cells, I employed the effector-loop mutants of oncogenic Ras - S35 G37, and 
C40 (4). These mutants signal preferentially through only one pathway. Thus, S35 
preferentially activates Raf, C40 activates PI3K, and G-37 activates Ral-GEFs. Each of 
the three Ras mutants was individually expressed in HMLE cells. Thereafter, NotchlIC 

was expressed, and drug resistant colonies were selected. The resultant cells were 
subjected to soft-agar analysis. I found that HMLE cells expressing S35 and Notch 1IC 

generated colonies with maximum efficiency, while cells expressing C40 or G37 and 
NotchlIC generated far fewer colonies. These results suggested that the Raf/MAPK 
pathway is the main Ras-downstream pathway that is involved in cooperating with 
NotchlIC in transforming immortalized breast epithelial cells. 

3) Nuclear localization ofNotchl10 is essential for its transforming properties 

Following ligand binding, Notch is proteolytically cleaved and its intracellular domain 
translocates to the nucleus, where it has been shown to function as a transactivator by 
replacing CBF1. In order to determine whether nuclear localization of Notch 1IC is 
required for its transforming functions, I introduced a nuclear localization defective 
mutant of NotchlIC (5) into HMLER cells and subjected the resultant cells to soft agar 
analysis. The results revealed that the nuclear localization defective mutant of NotchlIC 

failed to transform HMLER cells. This suggested that the nuclear localization of NotchlIC 

is essential for its cooperation with Ras in transforming HMLER cells. 

B) Assess cooperation between activated Notch and ErbB2 signaling in breast 
cancer Breast cancers typically do not harbor oncogenic Ras mutations; nevertheless, 
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Ras signaling is activated in many breast cancers, mainly due to alteration or 
overexpression of upstream receptor tyrosine kinase. For example, ErbB2 is altered or 
overexpressed in ~30% of all breast cancers; however we found that ErbB2 
overexpression in HMLE cells failed to transform them. Accordingly, I determined 
whether NotchlIC could transform wild type ErbB2-expressing HMLE cells. However, 
NotchlIC-expressing HMLE-ErbB2 cells failed to generate colonies in soft agar. One 
possible reason for this could be that overexpresison of ErbB2 only weakly activates Ras. 
Consequently, I am currently overexpressing a constitutively active allele of ErbB2 (6), 
which has been shown to have oncogenic potential, in HMLE cells. Thereafter, I will 
determine whether NotchlIC can transform these cells. 

C) Determine whether Notch Signaling is required for the transformed phenotype of 
breast cancer cells 

I observed that expression of NotchlIC into HMLER cells rendered these cells very 
spindly and fibroblastic - characteristics of an epithelial to mesenchymal transition 
(EMT) associated with tumor invasion and metastasis. Very recent reports have indeed 
demonstrated a role for Notch signaling in EMT associated with normal development and 
cancers (7). Accordingly, I investigated the role of Notch signaling in the EMT 
phenotype of breast cancer cells. 

Presenilin mediated proteolytic cleavage of Notch has been shown to be necessary for the 
functioning of wild type Notch receptors (8); accordingly, chemical inhibitors of 
presenilin have been shown to impair Notch signaling (9). Therefore, I used DAPT, a 
chemical inhibitor of presenilin, to inhibit Notch signaling in a highly metastatic breast 
cancer cell line, SUM1315. Interestingly, when SUM1315 breast cancer cells were grown 
in the presence of DAPT, they lost their fibroblastic appearance and reverted to an 
epithelial phenotype (Fig 2A). This data provides strong evidence supporting an 
important role for Notch signaling in mediating and/or maintaining the EMT phenotype 
of breast cancer cells. I propose to further characterize this phenomenon by undertaking 
Western blot analysis for markers of EMT. 

To further investigate the role of Notch signaling in breast cancers, I propose to inactivate 
Notch signaling in breast cancer cell lines using siRNA approach. I have found that 
Jaggedl, a Notch-ligand, is over expressed in several breast cancer cell lines, whereas 
primary or immortalized breast epithelial cells lack its expression (Fig. 2B). This suggests 
that Jaggedl may be the prime ligand which signals to Notch proteins in breast cancer 
cells. Therefore, I will attempt to suppress the expression of Jaggedl in breast cancer 
cells (such as SUM1315, SKBR3 which overexpress ErbB2 and MDA-MB-231 cells 
which harbor an oncogenic mutant of Ras) using an siRNA approach and then determine 
its effect on their transformation potential. I will examine the effect of Jaggedl 
suppression in tumor initiation, maintenance, and ability to seed metastasis. 

Towards this end, I have generated siRNAs against Jaggedl using the plKOl lenti-viral 
siRNA vector developed in our laboratory. In preliminary experiments I have found that 
one such siRNA is capable of suppressing Jaggedl expression by >90-fold (lane 5, Fig. 
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2C). This result is very encouraging, and I am currently infecting several breast cancer 
cell lines with this siRNA. 

Key Research Accomplishments: 
1) Generation of HMLER cells expressing NotchlIC and characterization of their 

transformed phenotype. 
2) Characterization of Notch-Ras pathway interaction in HMLE cells using a variety 

of mutants. 
3) Generation and characterization of NotchlIC-expressing HMLE-ErbB2 cells. 
4) Identification of a role for Notch signaling in EMT (epithelial-to-mesenchyme 

transition) involved in tumor invasion and metastasis. 
5) RT-PCR analysis of Notch and ligand expression in breast cancer cell lines 
6) Generation and characterization of an siRNA against a Notch receptor, Jagged 1, 

which is commonly overexpressed in breast cancer cells. 

Reportable outcomes 
1) Expression of NotchlIC in HMLER cells resulted in soft agar colony formation 

and tumor initiation in mice, indicating a strong cooperation between Notch and 
Ras pathways in breast cell transformation. 

2) Nuclear localization of NotchlIC is essential for this Notch-Ras cooperation 
3) The Raf/MAPK pathway downstream of Ras plays a major role in the Notch-Ras 

cooperation 
4) Inhibition of Notch signaling reverts highly metastatic (EMT phenotype) breast 

cancer cell line, SUM1315, to an epithelial phenotype. 
5) A Notch-ligand, Jagged 1, is overexpressed in several breast cancer cell lines 

compared to normal or immortalized breast cells. 
6) The siRNA generated against Jagged 1 mediates >90-fold suppression of Jagged 1 

Conclusion: The results obtained thus far strongly suggest that Notch proteins may 
function as key mediators of breast cancer pathogenesis. The cooperation of Notch with 
Ras in transforming immortalized breast cells gives a mechanistic insight into the role of 
Notch signaling in this process. The requirement for Notch signaling in maintaining the 
EMT phenotype of SUM1315 cells is indicative of a role for Notch proteins in breast 
cancer invasion and metastasis. This experiment, however, needs to be repeated with 
several breast cancer cells. Taken together these results strongly suggest a functional 
involvement of Notch signaling in breast cancer pathogenesis. A clear demonstration of 
the requirement of Notch signaling in breast carcinogenesis will enable the targeting of 
Notch pathway as a new therapeutic approach against breast cancers. 
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SUM1315 cells grown in the presence of control DMSO or 5uM DAFT dissolved in 
DMSO. 

Fig2B 
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